Current ideas concerning the chemical structure of the visual pigments involve the suggestions that the prosthetic group, whether retinal, or retinal2, is attached primarily to the opsin as a Schiff base, and that this prosthetic group is held rigidly in some specific conformational relationship to the protein.1-3 In this model, the shape of the prosthetic group, thought to be that of the 11-cis isomer, is considered to be critical in holding the protein and retinal in the functionally correct relationship. The action of light is held to consist primarily of an isomerization of the retinal from the 11-cis to the all-trans configuration; this loosens the specific attachment of the prosthetic group to the protein, following which the latter undergoes a change in structure.3 24 We have investigated, among possible experimental approaches, whether these specific conformations might be detected in terms of optically active absorption bands. Such an examination involves two different aspects. In polypeptides and proteins, the occurrence of helical structures has been successfully correlated with intrinsic Cotton-effects measured in terms of optical rotatory dispersion4 5 or circular dichroism.5-7 The second aspect is concerned with the extrinsic Cotton-effects induced when optically inactive substances are dissymmetrically attached to optically active macromolecules. 8' 22 In this work, we have investigated the extrinsic circular dichroism (CD) exhibited by the prosthetic group in the visible region and the near ultraviolet, as well as the intrinsic CD of the opsin moiety in the range of 200-240 my (nanometers, nm). We have recorded both these effects for several visual pigments from different species, before and after bleaching them by exposure to white light. A preliminary report9 described a CD associated with the main absorption band in the visible part of the spectrum and its disappearance upon bleaching. This result was confirmed by Williams10 and by Kito and Takezakill who measured rotatory dispersion. The occurrence of rotatory dispersion in the short-wave ultraviolet, and its reduction after bleaching, has also been demonstrated,3' 11 whereas a change in ultraviolet absorption12 probably represents a related phenomenon.
in some specific conformational relationship to the protein. [1] [2] [3] In this model, the shape of the prosthetic group, thought to be that of the 11-cis isomer, is considered to be critical in holding the protein and retinal in the functionally correct relationship. The action of light is held to consist primarily of an isomerization of the retinal from the 11-cis to the all-trans configuration; this loosens the specific attachment of the prosthetic group to the protein, following which the latter undergoes a change in structure.3 24 We have investigated, among possible experimental approaches, whether these specific conformations might be detected in terms of optically active absorption bands. Such an examination involves two different aspects. In polypeptides and proteins, the occurrence of helical structures has been successfully correlated with intrinsic Cotton-effects measured in terms of optical rotatory dispersion4 5 or circular dichroism.5-7 The second aspect is concerned with the extrinsic Cotton-effects induced when optically inactive substances are dissymmetrically attached to optically active macromolecules. 8' 22 In this work, we have investigated the extrinsic circular dichroism (CD) exhibited by the prosthetic group in the visible region and the near ultraviolet, as well as the intrinsic CD of the opsin moiety in the range of 200-240 my (nanometers, nm). We have recorded both these effects for several visual pigments from different species, before and after bleaching them by exposure to white light. A preliminary report9 described a CD associated with the main absorption band in the visible part of the spectrum and its disappearance upon bleaching. This result was confirmed by Williams10 and by Kito and Takezakill who measured rotatory dispersion. The occurrence of rotatory dispersion in the short-wave ultraviolet, and its reduction after bleaching, has also been demonstrated,3' 11 whereas a change in ultraviolet absorption12 probably represents a related phenomenon.
Materials and Methods.-Extracts were made of retinas of several species by the usual procedures,13 by extraction of alum-hardened retinas, or of rod outer segments, with 2 per cent digitonin solution; some extracts were also made employing cetyltrimethyl ammonium bromide or the nonionic detergent Triton X-100. The obtained pigments were characterized by the usual spectrophotometric techniques, and the optical densities at the wavelength of maximum absorption for the a-band were determined from the spectral absorbances before and after bleaching in the presence of hydroxylamine.13
Circular dichroism; The work described in this paper was done with the prototype of the Jasco recording dichrograph, modified so as to eliminate baseline drift. The general principles of the use of such equipment have been discussed elsewhere.'4' 15 The calibration was checked with chromium-D-tartrate solutions prepared according to Cotton'6 and measured in a Beckman DU spectrophotometer with a sheet polarizer and quarter-wave plate,' and this was found to agree within the limits of precision of the measurements. Examples of original records are shown in Figure 1 for both spectral regions investigated. were derived from the original dichrograms by subtraction of the baseline and recalculation of the ordinate values to correspond to an optical density of unity at the maximum of the a-band, the latter again being determined by difference after bleaching in the presence of NH20H. All results refer or are recalculated to an optical pathlength of 1 cm. For the measurements in the farther ultraviolet, the extracts were diluted 25-to 75-fold with 0.01 M phosphate buffer. The pH was usually 6.6-6.8, but some measurements were done at 5.2 or 8.2 with the same results.
Results.-CD spectra in the visible and near-ultraviolet spectral region: The visual pigments used in this investigation have all been thoroughly studied; 1, 17-21 their absorption or difference spectra characteristically display a major a-band in the visible and a lesser (3-band in the near ultraviolet parts of the spectrum2' (cf. Fig. 2 for rhodopsin, Fig. 3 for porphyropsin) .
In the case of rhodopsin (Fig. 2, curve 2) , both bands are circularly dichroic.
Both CD-peaks are displaced hypsochromically with respect to the a-and fl-absorption bands (Fig. 2, curve 1 ) and both CD-peaks are of comparable height even though the maximal extinction of the (-band is considerably less than that of the a-band. The ,8-peak of the CD spectrum has not been traced to its full extent, since the measurement comes to an end because of insufficient light at about 300 nn, but as far as measured, the CD remains finite and positive (Fig. 1) . It is also noticed that between the main peaks the CD does not vanish. Thus, the full range of the spectra may be thought to represent a variety of optical transitions within the polyene chain, many of which are optically active. This pattern appears to be representative of rhodopsins; we have recorded it in preparations from Rana pipiens, Rana catesbiana, and cattle.
It is of importance to establish that the CD spectrum is not associated with transient forms of bleaching which might be formed in the course of a measurement-. This point was checked in the earlier work9 by measuring an absorbance curve before and after the CD measurement, and in the present series of measurements (Fig.  1, top, traces 1,2 ) by repeated tracing of the CD spectrum as such, or in the presence of NH20H which would bind free retinal as the oxime and thus prevent secondary combinations between retinal and free amino groups.20 When the recording is done with a very wide slit, bleaching does occur during the measurement, but this always results in a monotonic decrease of the CD spectrum, without indication of a transient increase of any part of it. Thus, it is concluded that the entire CD spectrum, including its (-peak, is a genuine property of native unbleached rhodopsin.
The CD spectrum of porphyropsin, prepared from the retina of Cyprinus carpio (Fig. 3, curve 2) shows a dichroism of identical magnitude in the a-band, but the (-band is isotropic. The a-dichroism of the porphyropsin is located at longer wavelengths than the corresponding dichroism of rhodopsin, as would be expected from the relative wavelength locations of the a-bands in the two pigments.'8 19 The absence of CD corresponding to the (3-band, which band is present in the absorbance spectrum according to data on porphyropsin from the yellow perch,2' suggests that in this case the higher transitions are not optically active.
Effect of bleaching: Only the effect of total bleaching upon exposure to white light until the pigment had turned yellow was examined, the study of intermediary stages being postponed for a later investigation. With all the visual pigments studied, such bleaching led to a disappearance of the CD; the product showed no measurable dichroism, the records not being significantly different from the solvent baseline (Figs. 1, 2, and 3 ). The same result was obtained in the presence of NH20H, and also after thermal bleaching for 30 min at 660C which loosens the binding of the 11-cis-retinal without isomerization.
Circular dichroism in the far ultraviolet: These spectra were determined after dilution with phosphate buffer to obtain spectral penetration to shorter wavelengths. Due to the presence of various absorbing constituents, however, the measurements could be performed to 200 nm at best, and usually only to about 210. This suffices, however, for the present purpose. The digitonin is not optically active throughout this region. Triton X-100 could not be used as the solvent because of its absorption in the far ultraviolet; in the visible region, it gave results identical with those in digitonin (Fig. 1) .
It is seen (Figs. 1 and 4 ) that the CD spectrum displays the characteristic negative maxima named b and c7 which are a part of the triple system held to be characteristic for a right-handed a-helix;6 the positive a-peak at 194 nm was not accessible for measurement, as pointed out. The negative b-peak (a part of the doublet assigned to exciton splitting of the helical peptide absorption) and the negative cpeak (ascribed to a dissymmetric arrangement of the amide chromophores) are of about equal strength as seems to be the case in most instances of predominantly helical proteins surveyed to date.A-7 When expressed on the same scale, per unit absorbance in the at-band, the absolute magnitude of the negative CD is not identical in all preparations, extreme examples being shown in Figure 4 for a rhodopsin and porphyropsin. The variation is not necessarily due to quantitative differences in conformation among the pigment proteins, since the solutions were not pure and undoubtedly contained varying amounts of other proteins as contaminants.
After exposure of the diluted extracts to light, this dichroism is diminished. While the total magnitude of the CD may differ, the absolute magnitude of the decrease (Fig. 4) varies little. Bleaching by heating causes a much greater decrease in ultraviolet CD, reflecting surely an unspecific disorganization of some or all protein in the extract; it is not further decreased by illumination.
Discussion.-The findings described in this report warrant a discussion in two somewhat different connections, related to the phenomena detected by measurement in the visible and near-ultraviolet spectral regions, and in the shorter-wave ultraviolet, respectively. The first have shown that retinal, not by itself a circularly dichroic substance, can be attached to opsin in a dissymmetric fashion. The phenomena resulting from this attachment can be classified as an extrinsic or induced Cotton effect,8 but must be distinguished from the classical example of the binding of certain cationic dyes to a-helical poly-L-glutamic acid.22 In that case, it is held that optical activity results from the attachment of chromophores to the polymer in a specific spatial arrangement, not unlike the aggregation to which the dyes in question are capable by themselves, but given a specific screw-sense by the helical conformation of the polyglutamate as a matrix. In the visual pigment, by contrast, a single prosthetic group is attached to one protein molecule,2' 23 and single protein molecules occur in the protein-detergent micelles. It must be concluded, therefore, that the optical activity is the result of a specific interaction in which the attachment to opsin forces a special conformation upon the retinal. These ideas, it will be noticed, are entirely confirmative of those expressed by Hubbard,2' 3 the more so since upon bleaching, the phenomena vanish as the conditions for the dissymmetrical attachment cease.
There is a difference, in this regard, between rhodopsin and porphyropsin. In the former, the higher-order absorptive transitions giving rise to thefp-band are also optically active; in the latter they are not. This difference may relate to different vibrational modes allowed in the conjugated system, retinal2 having an additional double bond in the ring, or it may depend on the mode of attachment to the different proteins.
The second class of phenomena is encountered when measuring the CD in the more remote ultraviolet, in the region of specific protein bands. This field has just begun to be opened up,--and conclusions must be formulated with some care. However, the pattern of CD activity, as far as explored, is very similar to that found in apomyoglobin6 and myosin,7 and in synthetic polypeptides in the a conformation.6 By contrast, proteins in which other conformations predominate have different CD-band patterns in this region.5 It is concluded, then, that the structure contains a sizable amount of a-helical regions, and that a fraction of these becomes altered subsequent to bleaching. Thus, our findings lend support to the concept3' 24 that the attachment of retinal to opsin as in rhodopsin lends a specific dissymmetry to the retinal, while at the same time inducing a helical conformation in part of the protein, both interdependent properties becoming abolished after bleaching. However, our results to date only apply to the difference between the starting and terminal stages. A decision as to the possible relation of the detected conformational change to the first excitatory event must await further work on the intermediary stages of the transformation.
Summary.-Solutions of visual pigments were found to display circular dichroism
